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The common notion suggests that metallic glasses (MGs) are a homogeneous solid at the macro-
scopic scale; however, recent experiments and simulations indicate that MGs contain nano-scale
elastic heterogeneities. Despite the fundamental importance of these findings, a quantitative un-
derstanding is still lacking for the local elastic heterogeneities intrinsic to MGs. On the basis of
Eshelby’s theory, here we develop a micromechanical model that correlates the properties of the lo-
cal elastic heterogeneities, being very difficult to measure experimentally, to the measurable overall
elastic properties of MGs, such as shear/bulk modulus and Poisson’s ratio. Our theoretical modeling
is verified by the experimental data obtained from various MGs annealed to different degrees. Par-
ticularly, we revealed that the decrease of Poisson’s ratio upon annealing of MGs is associated with a
much large shear softening over hydrostatic-pressure softening, and vice versa in local elastic inho-
mogeneities. The relative extent of the bulk versus shear modulus softens is extracted for different
MGs, and is found to closely depend on the specific composition and their ductility. The implication
of our results on the Poisson’s ratio criterion on the ductility as well as the aging dynamics in MGs
is discussed.
PACS numbers: 61.82.Bg,62.20.de, 62.20.dj, 62.20.fk
I. INTRODUCTION
Despite the fundamental and technological impor-
tance, the structure-property relationship in metallic
glasses (MGs) has long been obscured by their long-range
disordered structure1–3. A MG often looks microstruc-
turally featureless or ”amorphous” under a conventional
electron microscope, which is in sharp contrast to crys-
talline alloys in which grain boundaries, dislocations
and many other microstructural features can be readily
identified2. However, recent atomistic simulations4–6and
experiments7–10 indicate that the amorphous structure
of glasses is indeed heterogeneous, containing nano-scale
elastic7,9 or viscoelastic8,10 imhomogeneities on top of
their intrinsic density fluctuation. Unlike the conven-
tional microstructural defects in crystalline alloys, the
structural heterogeneities in MGs are dynamic in nature,
which are invisible under static electron microscopes but
could be theoretically associated with low-frequency vi-
bration modes5,11,12 or liquid-like regions with very low
local viscosities or relaxation times10,13. In principle,
these regions of dynamic heterogeneity are susceptible to
irreversible local atomic rearrangements under external
perturbations (stress or heat), thus acting as ”flow units”
to initiate macroscopic plastic flows14,15or as ”liquid-like
sites” to initiate secondary relaxations in MGs16,17. De-
spite the recent efforts confirming the existence of the dy-
namic heterogeneities in MGs, however, it still remains
challenging to derive the mechanical/physical properties
of MGs, in a quantitative manner, from the perspective
of local structural heterogeneities. On the other hand,
through the extensive studies over the past decades18,19,
various correlations were established between the overall
elastic constants of MGs and their many other physi-
cal properties. Today, it is commonly thought that the
elastic properties of MGs may hold the key to the un-
derstanding of many fundamental issues in MGs, such as
glass transition20–22, relaxation23,24and deformation25,26.
For example, it was shown that the elastic modulus
of a MG is determined by both the atomic bonding
strength and the atomic configuration24,27, which varies
with the possible structural change in a MG, as wit-
nessed in a typical structural relaxation25,28,29 or reju-
venation process30,31. Moreover, extensive studies also
indicate that the Poisson’s ratio of a MG correlates with
the structural state of the corresponding supercooled liq-
uid, as characterized by the liquid fragility21, which in
turn affects the ductility of the glass. As motivated by
the fact that the amorphous structure of MGs is overall
heterogeneous, we intend to derive relations in this work
that connects the elastic constants of MGs to their local
structural heterogeneities. Once these relations become
available, one may develop important structure-property
relations, with the use of the elastic constants as inter-
mediate variables, which ultimately bridge the structural
heterogeneity in MGs and their physical and mechanical
properties or other attributes.
II. THEORETICAL MODELLING
In principle, the whole structure of an MG can be en-
visaged as an atomic-scale composite10,32, consisting the
solid-like regions (SLRs) as a ”matrix” and isolated soft
regions as ”inclusions”, as schematically shown in Figure
1. The LLRs are loosely packed atom regions, and should
ar
X
iv
:1
60
6.
05
45
5v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 17
 Ju
n 2
01
6
2have the lower elastic moduli (bulk or shear modulus)
than those of rigid SLRs. From the point view of me-
chanics, LLRs can be viewed as elastic imhomogeneities
embedded in an isotropic matrix. Thus, the effective elas-
tic moduli of the whole structure can be readily obtained
from the Eshelby’s theory33 on inhomogeneities. The
Eshelby’s theory have been extensively used in analyzing
the elastic stress field associated with the shear trans-
formation of elementary deformation units34–36, which
are possibly initiated from LLRs. Here, we consider the
static effective elastic modulus of MGs from the Eshelby’s
approach on the elastic inhomogeneities. Suppose that
the composite structure is subject to a uniform applied
elastic strain field of Aij(i,j over 1,2,3) by the surface trac-
tion, the elastic mismatch between inhomogeneities and
the matrix will cause additional stress/strain field, thus
leading to an interaction elastic energy. The effective
elastic modulus (Cijkl) is defined from the total elastic
energy of the specimen:
Etotal = E0 +
∑
Eint =
1
2
Cijkl
A
ij
A
kl (1)
In Eq.1, E0 is the elastic energy of the specimen under a
uniform Aij when it is free of inhomogeneities. Eint is the
interaction energy between an inhomogeneity and the ex-
ternal field. The sum is over all inhomogneities contained
in the matrix. Both E0 and Eint are the quadratic func-
tions of Aij . Assume the bulk (or shear) modulus of SLRs
and LLRs are K0 (or G0) and K1 (or G1), respectively,
the effective bulk (K) or shear (G) modulus for the SSRs-
LLRs assembly is derived as (See the theoretical analysis
in Supplementary Text I):
K =
K0
1 +AVf
, G =
G0
1 +BVf
(2)
where Vf is the volume fraction of LLRs, K0 and G0
should have values close to that of ideal glasses. A and
B are two coefficients associated with the discrepancy of
elastic moduli between SLRs and LLRs. It should be
noted here that the elastic moduli of LLRs in real struc-
ture of MGs are not uniform and might have a distribu-
tion spectrum, however, the current theoretical approach
is still valid from a mean-field sense if K1 or G1 is viewed
as the mean value of bulk modulus and shear modulus
of LLRs distributed in MGs, respectively. For spherical
LLRs, A and B read33:
A =
K1 −K0
(K0 −K1)α−K0 , B =
G1 −G0
G0 −G1)β −G0 (3)
where α and β are two parameters depending on the Pois-
son’s ratio of the matrix, ν0: α = (1/3)(1 + ν0)/(1− ν0),
α = (2/15)(4− 5ν0)/(1− ν0). A and B usually have pos-
itive values due to elastic softening of LLRs compared
with SLRs (K1 < K0, G1 < G0). Finally, the effective
Poisson’s ratio of MGs can be derived from Eq.2 based
on relations of elastic constants in an isotropic material:
ν =
(1 + ν0)(1 +BVf )− (1− 2ν0)(1 +AVf )
2(1 + ν0)(1 +BVf ) + (1− 2ν0)(1 +AVf ) (4)
FIG. 1. The schematic for the atomic-scale structural het-
erogeneities in MGs. The loosely packed region (in red atoms)
are embedded in the matrix of densely-packed region (in blue
atoms).
where ν0 = (3K0 − 2G0)/(6K0 + 2G0), is the Poisson’s
ratio of SLR matrix.
Eqs. 2-4 in fact establish general relations between
the macroscopic elastic properties and the characteristics
of microscopic structural heterogeneities in MGs. From
these relations, one can generally found that the over-
all elastic moduli of MGs do not follows the conven-
tional ”rule of mixtures”, i.e. the weighted average of
elastic moduli of SLRs and LLRs. This is unexpected
since the rule is often commonly used in previous studies
when estimating the elastic properties of MGs or com-
posite materials18. To facilitate discussion, we define
ξ = (K0−K1)/K0, ψ = (G0−G1)/G0, which reflect the
elastic softening degree of LLR compared with SLRs. In
general, ξ and ψ, range from 0 to 1. In limiting cases, for
ξ = 1, ψ = 1, LLRs become cavitation, while for ξ < 1,
ψ = 1, LLRs become normal liquids with a Poisson’s ra-
tio approaching 0.537. Thus, Eq.4 in general formulate
the overall Poisson’s ratio when a solid matrix containing
spherical inhomogeneities in various matter states from
cavitation, liquids to glasses. Figure 2 shows variations of
overall elastic moduli with the volume fraction of SLRs
at different values of ξ and ψ. As can be seen, both
K and G decrease monotonically with Vf . The extent
that K or G decrease at a certain Vf depends on the
specific value of ξ or ψ: The larger the ξ or ψ is, the
more steeply the K or G drops. While the Poisson’s ra-
tio could either decrease or increase with Vf , depending
on specific values of ξ and ψ. Based on this, one can de-
fine a shear-softening dominated region and a pressure-
softening dominated region, as shown in Figure 2c. In
the shear-softening dominated region, ξ < ψ, ν increase
monotonically with Vf . This agree with the common no-
tion that introducing more LLRs regions into the glassy
structure will lead to a higher Poisson’s ratio, thus pro-
moting the plasticity in MGs16,38. In contrast, in the
3FIG. 2. The calculated variation of effective elastic constants
with the volume fraction of LLRs for different values of ξ and
ψ: (a) the effective bulk modulus K; (b) the effective shear
modulus G; (c) the effective Poisson’s ratio ν.
pressure-softening region, ξ ≥ ψ , ν decrease monotoni-
cally with Vf . This case has not been reported in previous
studies. However, we will show experimental evidences
for the case from structural relaxation of a Ce-based MG
below. Depending on the value of ν0, ν could even reach
a negative value at large Vf and ξ − ψ, resulting in ma-
terials with negative Poisson’s ratio37.
III. EXPERIMENTAL METHODS AND
RESULTS
A. Experimental Methods
MG alloy ingots with the nominal com-
positions Zr52.5Cu17.9Al10Ni14.6Ti5(Vit105),
Zr41Ti14Cu12.5Ni10Be22.5(Vit1),
Zr46.75Ti8.25Cu7.5Ni10Be27.5(Vit4) and Ce68Al10Cu20Fe2
were produced by arc melting a mixture of pure metals
(purity ≥99.5% in mass weight) in a Ti-gettered argon
atmosphere. Glassy alloy rods with diameters of 2-10
mm and a length of at least 30 mm were obtained
by suction casting into a water-cooling copper mould.
The amorphous nature of specimens both at as-cast
state and after thermal annealing were confirmed by
the x-ray diffraction (XRD) method using a MAC Mo3
XHF diffractometer with Cu Kα radiation and the
differential scanning calorimetry (DSC, Perkin Elmer
DSC7). Thermal annealing experiments were performed
in a Muffle furnace. MG samples were first encapsulated
into a quartz tube with a vacuum of 10−4 Pa and then
annealed at their sub-Tg temperatures for different
times. The annealing temperature for Vit105, Vit1,
Vit4 and the Ce-based MGs is 600 K, 623 K, 523 K
and 333 K, respectively. After a certain annealing
time, the glassy sample was removed from the furnace
and cooled to room temperature for elastic modulus
measurement. Then the same sample is encapsulated
again and put back to the furnace for further annealing.
This process was repeated until all elastic measurements
are completed at different annealing times.
The elastic modulus were measured at room temper-
ature by using a pulse echo overlap method18,39with a
MATEC 6600 ultrasonic system. The frequency of the
ultrasonic wave was 10 MHz. The acoustic longitudinal
velocity, vl, and shear velocity, vs, of MG samples were
measured at room temperature The density ρ was mea-
sured by Archimedes’ principle in distilled water in an
accuracy of 0.5%. The elastic constants, e.g. bulk mod-
ulus K, shear modulus G, Young’s modulus E and Pois-
son’s ratio of MGs are derived from acoustic velocities18.
The uniaxial compression tests were performed on an In-
stron 5869 electromechanical test system under a con-
stant strain rate 5 × 10−4 s−1. The load, displacement
and the time are recorded at a frequency of 50 Hz. The
strain was measured by a laser extensometer(Fiedler) at-
tached to the testing machine.
MD simulations for five MGs, i.e. Cu50Zr50,
Cu46Zr46Al8, Mg65Cu25Y10, Ni33Zr67, Pd82Si18, were
performed using the code LAMMPS. The embedded-
atom method (EAM) potentials were employed to de-
scribe the interatomic interactions6. For each model,
with periodic boundary conditions applied in three di-
mensions, the initial configuration containing 16,000
atoms was first equilibrated at 2000 K for 1.5 ns, fol-
lowed by rapid quenching (1012 K/s) to 300 K in NPT
(constant number, constant pressure and constant tem-
perature) ensemble. To extract the bulk moduli of metal-
lic glasses at various temperatures, an equal deformation
strain is applied along the three axes of the simulation
box, resulting in a volumetric change. The corresponding
pressure p is measured. The bulk modulus is determined
from the slope of pressure-dilation strain plots. In all
of the simulations, the time step used to integrate the
equations of motion was set to be 0.001 ps.
B. The variation of elastic moduli with time during
structural relaxation
We annealed MGs of different compositions (listed in
Table I) under sub-Tg temperatures for various times and
then measured the variation of their elastic properties by
a pulse echo overlap ultrasonic method. After long-time
annealing, no crystallization occurs and the sample still
remains a fully amorphous structure (see Supplementary
Figure 1). During annealing, one expects that the volume
fraction of LLRs in the glassy structure will decrease gen-
erally with time due to the structural-relaxation induced
densitified process, yet the chemical composition of MGs
remain unchanged. Thus, the correlation between elastic
properties and microscopic structural heterogeneities in
MGs can be tracked. Figure 3 shows the change of mea-
sured elastic constants (K, G, E, ν) with the annealing
time t, respectively for a typical Vit105 MG. In accor-
dance with previous studies, one can see that K, G and
4FIG. 3. The change of measured elastic constants with
the annealing time t, respectively for Vit105 MG: (a) bulk
modulus K; (b) shear modulus G; (c) Young’s modulus E;
(d) Poisson’s ratio ν. The inset shows variations of K and G
with the inverse time, so K0 and G0 can be easily identified.
E increase sharply at the initial stage and then gradu-
ally approach a saturation plateau at long time, while v
continuously decrease with the time. The K or G can be
well fitted by:
P =
P∞
1 + c0exp(−ktn) (5)
where P can be either K or G. P∞, c0, n is the constant
parameters. E and ν are not fitted here since they de-
pend on K and G. The variation of K or G with time
for other MGs displayed similar trends with Vit105, and
can be fitted by Eq.5. The fitting values of parameters
are listed in Table I. One can see that the exponent n,
and ranges from 0 to 1, depending on the specific MG
composition. The K∞ and G∞ are the modulus upon
infinite-time annealing, and can be regarded to equal
those of SLRs, K0 and G0, respectively. When the term
c0exp(−ktn) is much smaller than 1, for the first-order
approximation, Eq.5 is reduced to P∞[1− exp(−ktn)], in
good agreement with the formula used to describe the
kinetics of changes in elastic properties on annealing dif-
ferent kinds of glasses in previous studies.40,41
C. Elastic modulus softening in LLRs
In general, it is difficult to directly measure the volume
fraction of LLRs, Vf , in MGs. However, we noticed from
Eq. 2 that Vf is related with the measured shear modulus
upon annealing by: Vf = (G0/G − 1)/B. Taking this
relation into Eq.5, we obtain:
ν =
(1 + ν0)(G0/G)− (1− 2ν0)[1 + (A/B)(G0/G− 1)]
2(1 + ν0)(G0/G)− (1− 2ν0)[1 + (A/B)(G0/G− 1)]
(6)
FIG. 4. The plot of measured Poisson’s ratio, ν, versus
(G0/G − 1) upon annealing for different MGs: (a) Vit105;
(b) Vit1; (c) Vit4; (d) Ce68Al10Cu20Fe2. All data were well
fitted by Eq.6, with the fitting values A/B listed.
G0, ν0 can be obtained by fitting the modulus data ver-
sus time, the ratio A/B is the only adjustable parameter
here. We plot the measured ν versus (G0/G−1) upon an-
nealing for different MGs, as shown in Figure 4. Clearly,
the experimental data can be well fitted by Eq.6, verify-
ing the validity of our theoretical model. Values of A/B
by fitting are shown in Figure 4 and are found to have a
compositional dependence. For Zr-based MGs (Vit105,
Vit1 and Vit4), the ratio A/B is less than 1, and for Ce-
based MG, A/B has a value larger than 1. As can be seen
by Eq.3, the ratio A/B in fact reflects the relative size
of ξ and ψ, the softening degree of bulk modulus and
shear modulus in LLRs, respectively. For A/B < 1 as
displayed by Zr-based MGs, we usually have ξ < ψ, or in
other words, the shear-softening is dominated in LLRs,
resulting in the increase of ν with Vf . While A/B > 1 in-
dicates a pressure-softening dominated process in LLRs,
which leads to the decrease of ν with Vf as displayed by
the Ce-based MG. These results are in good agreement
with our theoretical analysis.
It should be noted that the value of A/B alone could
not determine the exact softening degrees of K and G
in LLRs. However, we could give a rough estimation on
them if LLRs are considered to be in the supercooled liq-
uid state, or as ”residual liquidity” in MGs. According to
previous studies, the relative change of bulk modulus is
small (<10% in general) compared to that of shear mod-
ulus in MGs, when the temperature increases from room
temperature to the supercooled liquid regime. We also
performed molecular simulations of five MGs with differ-
ent potential functions and measured their bulk modulus
change when the temperature increases from 300 K to
temperatures well above their Tg, as shown in Figure
5. Strikingly, we found that the relative change of bulk
modulus for all MGs are concentrated in a narrow range
of 5-8%. Given these results, we choose ξ =10%. To-
gether with the fitting value of A/B, we calculate the
5TABLE I. The values of various parameters obtained by fitting the elastic modulus data during structural relaxation (bulk
modulus K0, shear modulus G0 and Poisson’s ratio ν0 of elastic matrix, the exponent n, the ratio A/B, the relative softening
of ψ/ξ) and the plastic strain p for various MGs.
MGs K0(GPa) G0(GPa) ν0 n A/B ψ/ξ ψ(%) p
Vit105 115.48 34.29 0.365 0.24 0.193 4.5 45 5.5
Vit1 115.42 43.56 0.332 0.72 0.146 5.4 54 3.3
Vit4 111.83 37.10 0.351 0.37 0.547 1.8 18 1.2
Ce68Al10Cu20Fe2 32.20 11.80 0.337 0.98 1.583 0.64 6.6 0
FIG. 5. (a). The atomic configuration of Cu50Zr50 MG sam-
ple used in MD simulation. (b) The pressure-volume strain
plot for Cu50Zr50 MG at different temperatures, from which
the bulk modulus can be determined. (c) The relative change
of bulk modulus K from room temperature to well above Tg
for various MGs.
softening degree of shear modulus in LLRs,ψ, for differ-
ent MGs, as listed in Table I. One can see that ψ largely
varies with the MG composition and seems to positively
correlate with the plasticity, ranging from 45% for plas-
tic Vit105 (p ∼5-6%, p is the final plastic strain) to
18% for the less plastic Vit4 (p ∼1.5% ) and 6.6% for
the completely brittle Ce-based MG (See Supplementary
Figure 3). The correlation between and the plasticity can
be understood from the fact that LLRs with a relative
large shear modulus softening are susceptible to inelas-
tic deformation under a low shear stress, thus promote
shear band formation at different sites, and result in a
large plastic deformability ultimately.
IV. DISCUSSION
Since LLRs are potential ”flow units” responsible
for macroscopic plastic flow and relaxation behavior in
MGs[], it is important to investigate their evolutions dy-
namics with time. Based on the theoretical analysis and
experimental results above, one can easily show that the
evolution of LLR volume fraction with time upon an-
nealing has the form: Vf = V0exp(−ktn), where V0
is the volume fraction of LLRs in the as-cast state of
MGs. This equation can well capture the experimen-
tally determined Vf at different annealing times (see Fig-
ure 6) from the measured shear modulus and the rela-
tion Vf = (G0/G − 1)/B(ψ), where ψ take the values
listed in Table I. The fitting values of k and n are the
same as those obtained when fitting elastic moduli data.
The form of Vf (t) is similar to Johnson-Mehl-Avrami-
Kohnogorov (JMAK) equation42, which usually describes
the kinetic of isothermal solid-state transformation such
as the precipitation of a crystalline phase from an amor-
phous matrix. The difference lies that the evolution of
LLRs upon annealing is an annihilation process rather
than a growth process, thus Vf decreases monolithically
with time and has the reverse form of JMAK equation.
In addition, the fitting values of the exponent, n, is in
the range 0−1, which is also smaller than those reported
in crystallization process(n ∼ 3 − 4)43, which is associ-
ated with the three-dimensional nucleation and growth
of crystalline phases in an amorphous matrix. To un-
derstand this, we developed a model by considering the
reduction of LLRs both on their numbers and size during
annealing (see Supplementary Text II). The theoretical
analysis shows that the small values of n (∼ 0−1) mainly
result from one-dimensional reduction of LLR size during
annealing. Besides, the deviation of n from 1 is indicative
of the spatial heterogeneity of LLR annihilation dynam-
ics in MGs.
The established link between elastic properties and
structural heterogeneity in MGs is helpful to understand
many important correlations between elastic modulus
and other properties reported in MGs. For example, the
Poisson’s ratio was shown to correlate well with the duc-
tility or plasticity in MGs25, i.e. the larger plasticity
favors the higher Poisson’s ratio. Now, the correlation
can be well understood from our analysis. From Eq. 4,
one can see that the higher Poisson’s ratio corresponds
to the more significant structural heterogeneities of MGs,
6FIG. 6. The calculated volume fraction of LLRs, Vf , versus
with the annealing time t for Vit105 based on the measured
shear modulus G. The upper limit value of ψ was used in
the calculation.The inset schematic diagram illustrates the
evolution of LLRs with time during structural relaxation.
i.e. the larger volume fraction and the larger shear mod-
ulus softening of LLRs as well as the higher Poisson’s
ratio of the SLR matrix, factors all beneficial to the plas-
ticity of MGs. It is also worth noting that the Poisson’s
ratio criterion for plasticity cannot be applied to MGs
(such as the Ce-based MG in our present work) where
the bulk modulus softening is much larger than shear
modulus softening in LLRs, resulting in the decrease of
Poisson’s ratio with the volume fraction of LLRs. This
may explain that the anomalous improved plasticity is
achieved at lower Poisson’s ratio reported in some Fe-
based MGs44.
In addition, our present results could also be used
to interpret the correlation between the Poisson’s ratio
in MGs and the fragility of their corresponding glass-
forming liquids21. It was once shown that the larger Pos-
sion’s ratio or the ratio of shear modulus to bulk mod-
ulus in the glass often corresponds to the more fragile
behavior of the liquid. Novikov et al21interpreted the
correlation from a non-ergodicity parameter, which de-
termines the amplitude of fluctuations frozen at Tg and
thus relates the fast relaxation dynamics of a liquid to
the ratio of shear modulus to bulk modulus in the glass
state. Here, we could provide another interpretion on this
correlation from the aspect of structural heterogeneities
of glasses. Recent experimental studies45 found that the
fragility parameter, m, reflects the configuration change
rate in the potential energy landscape of a liquid, and
thus directly related with the temperature dependence
of shear modulus softening around the glass transition.
A collection of available experimental data on different
kind of glasses18,45 have showed that the larger shear
modulus softening rate at Tg corresponds to the more
fragile liquid or the larger value of m. Since LLRs can
be regarded as the ”residual liquid” in the structure of
MG solids quenched from the liquid, it can be inferred
that the liquid fragility is related to the shear modulus
softening degree of LLRs as compared to SLRs in MGs.
Meanwhile, provided that the volume fraction of LLRs is
fixed, the large shear modulus softening degree of LLRs
indicates a large value of Poisson’s ratio from our cur-
rent analysis. By this way, the fragility of a liquid can be
linked to the Poisson’s ratio of the glass solids quenched
from the liquid. The details for origin of the correlation
deserve a further study along this line.
V. SUMMARIES AND CONCLUSIONS
In summary, we established a quantitative link be-
tween overall elastic properties and local structural het-
erogeneities in MGs. General formulas for elastic mod-
uli were derived from characteristics of structural heter-
geneities from the Eshelby’s theory and are verified by
experimental results obtained from structural relaxation
of various MGs. Particularly, we revealed that the de-
crease of Poisson’s ratio upon annealing of MGs is associ-
ated with a much large shear softening over hydrostatic-
pressure softening, and vice versa in local soft regions.
Our results is helpful for understanding the Poisson’s ra-
tio criteria on the ductility and liquid fragility in MGs
were also discussed.
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